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abstract Recent results from linear perturbation theory suggest that rst-order cosmological quark-
hadron phase transitions occurring as deflagrations may be \borderline" unstable, and those occurring as
detonations may give rise to growing modes behind the interface boundary. However, since nonlinear eects
can play important roles in the development of perturbations, unstable behavior cannot be asserted entirely
by linear analysis, and the uncertainty of these recent studies is compounded further by nonlinearities in the
hydrodynamics and self-interaction elds. In this paper we investigate the growth of perturbations and the
stability of quark-hadron phase transitions in the early Universe by solving numerically the fully nonlinear
relativistic hydrodynamics equations coupled to a scalar eld with a quartic self-interaction potential regu-
lating the transitions. We consider single, perturbed, phase transitions propagating either by detonation or
deflagration, as well as multiple phase and shock front interactions in 1+2 dimensional spacetimes.
*5mm PACS: 95.30.Lz, 47.75.+f, 47.20.-k, 98.80.-k, 95.30.Cq
Introduction equation0 sec:intro
First-order phase transitions ocurring at either the electroweak or QCD symmetry breaking epochs in
the early Universe, as predicted by the standard model of cosmology, can have important consequences for
the history of our Universe. In particular, the formation of co-existing bubbles and droplets of dierent
phases during the QCD transition aects the production and distribution of hadrons, and may lead to
signicant baryon number density fluctuations. Assuming these fluctuations survive to the epoch of Big
Bang nucleosynthesis, they can strongly influence the predicted light element abundances FMA88. This,
in turn, may alter our current understanding and interpretation of homogeneous Big Bang nucleosynthesis,
as well as the dynamical and chemical evolution of matter structures, including the origins of primordial
magnetic elds and structure perturbations that seed the subsequent formation of stellar, galactic, and
cluster scale systems.
Baryon density fluctuations evolve hydrodynamically by the competing eects of local phase mixing
and phase separation that may arise during the transition period. A potential mixing mechanism that
we consider here is the hydrodynamic instability of the interface surfaces separating regions of dierent
phase. Unstable modes may distort the phase boundary and induce mixing and diusive homogenization
through hydrodynamic turbulence. Whether unstable modes can exist in cosmological phase fronts has
been discussed recently by several authors with conflicting conclusions based on rst-order perturbation
theory. For example, Kamionkowski and Freese KF92 suggest that subsonic deflagration fronts in electroweak
transitions may be accelerated until they become supersonic and proceed as detonations through an eective
increase in the front velocity due to surface distortion eects as the transition becomes turbulent. Link Link92
indicated that the phase boundary in slow deflagrations from quark-hadron transitions may be unstable to
long wavelength perturbations, but may be stabilized by surface tension at shorter wavelengths. In contrast,
Huet et al. HKLLM93 nd that for electroweak transitions, the shape of the phase boundary is stable under
perturbations, and quark-hadron transitions are at the \borderline" between stable and unstable. They also
argue that unstable modes are not possible in detonation fronts. However, Abney Abney94 suggests that
this is the case for the quark phase ahead of the supersonic interface boundary, but that the cold phase
hadron regions behind the bubbles might be unstable, at least for the Chapman-Jouget type detonations
investigated.
These results are certainly not conclusive, and in some cases are in apparent contradiction due to
the level of approximation and coupling assumed between thermal and dynamical variables. Also, the full
consequences or even existence of instabilities cannot be determined entirely by linear analysis. Nonlinear
eects, including higher-order coupling between hydrodynamic, microphysical, scalar eld, and interaction
potentials, as well as surface tension, entropy flow, and baryon transport, may all play important roles in the
stabilization (or de-stabilization) of phase boundaries, and remain to be investigated in detail. Hence, we
undertake this study to more fully investigate the hydrodynamic stability of cosmological phase transitions
ocurring during the QCD epoch. We take a numerical approach and thus generalize previous results by solving
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the multi-dimensional relativistic hydrodynamics equations, presented in xsec:equations, coupled together
with a model scalar wave equation and an interaction potential regulating the phase transitions. Using results
from perturbation theory to dene initial data (as discussed in xsec:perturbation), we solve numerically for
the evolutions of single distorted phase fronts as well as interactions and collisions of multiple front systems
propagating as either deflagrations or detonations. Our numerical results are presented in xsec:results, and
summarized in xsec:summary.
Basic Equations equation0 sec:equations
The equations formulated with internal fluid energy are derived from the 4-velocity normalization
uµuµ = −1, the parallel component of the stress{energy conservation equation uνrµT µν = 0 for inter-
nal energy, the transverse component of the stress{energy equation (gαν + uαuν)rµT µν = 0 for momen-
tum, and an equation of state for the fluid pressure and temperature, using traditional high energy units
in which c = h = kB = 1. We consider the following special relativistic stress-energy tensor equation
Tµν = ρhuµuν + prgµν + ∂µφ∂νφ− gµν (12∂αφ∂αφ + V (φ, T )) , eqn : tmn
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